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The “Anion pool” approach introduces a greener approach for derivatization of 
pharmaceutically important molecules by amalgamating both electrochemistry and organic 
synthesis. This is a base and metal free procedure carried out in organic solvents 
recommended for pharmaceutical preparations. The anion pool procedure generates 
reactive nitrogen nucleophiles in situ via electrochemical reduction of heteroaromatic 
substrates. The adoption of such a methodology prevents generation of waste from bases 
used for deprotonation. Hydrogen is the main by-product of generation of anion pool, 
which, if produced at a large enough scale could be used as a renewable fuel. These 
attributes comply with the principles of green chemistry, allowing synthetic chemists to 
carry out reactions in an atom-economic and environmentally friendly manner.  
The anion pool method was first used to derivatize of benzimidazoles with alkyl, 
acyl and benzyl halides. We were able to achieve selective substitution at the 1H position 
in high yields with a variety of benzimidazoles and electrophiles bearing a variety of 
functional groups. The second study was aimed at selective acylation of indazoles at the 
N1 position. Indazoles bear two nitrogen atoms on the pyrazole ring that tend to undergo 
non-selective reactions with electrophiles. By adopting the anion pool approach, we were 
able to achieve great selectivity to N1-position while also improving the yields, decreasing 
chemical additives, and utilizing safe solvents and less moisture sensitive acid anhydrides. 
This procedure can be carried out in an inexpensive set-up connected to a 9
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V battery, indicating that this reaction could easily be adapted to being driven by the power 
of a basic solar cell. The adoptability of such a user-friendly set up makes it easier to 
incorporate green chemistry experiments to classroom teaching. This procedure is 
applicable for amidation reactions. Amide formation avoiding poor atom economy 
reagents has been identified as a priority for the ACS GCI Pharmaceutical roundtable. The 
anion pool method can be extended with a nucleophilic substitution to produce two 
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The ongoing social discussion on sustainable development has led towards a 
stronger emphasis on ecological footprint of a product or innovation.1-2 Industries have 
moved towards renewable energy sources with the aim of reducing carbon dioxide 
emission and waste generation. In the same vein, introduction of novel approaches for 
organic synthesis, that serves to enhance the greenness of synthetic processes that generate 
commercial products is highly desirable. In the grand scheme, this supports building a 
sustainable world that enables an advancing economy. Adopting green chemistry practices 
support unique market positions for industrial brands that enables improved customer 
relations and retention of talent. Consequently, the “greenness” of a process elevates its 
recognition and permits a competitive advantage in facing “selection pressure” generated 
from ever evolving synthetic methods.3  
 Organic electrochemistry embodies a myriad of opportunities for synthetic 
chemists.3-5 Electrosynthesis enables synthetic chemists to approach traditional synthesis 
methods in a sustainable manner. Electrons are inherently clean reagents that can be 
channeled into and out of a molecule by tuning the electrochemical potential of the system. 
This is a greener route to traditional oxidations and reductions which produce 
stoichiometric quantities of toxic waste. The additional benefit to an industrial chemist is 
the reduction of cost of waste remediation. The government of redox processes by tuning 
electrochemical potential of the system allows exploration of atom economic reaction 
pathways. Examples of such reactivities include polarity reversal in molecules,6electro-
generation of bases and nucleophiles7, and reactivities of electrochemical mediators.8 As a 
result, more functional group tolerant and broadly applicable synthesis strategies can be 
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formulated. Conventionally, energy is channeled into organic reactions through thermal 
energy. However, the energy economy of thermal reactions suffers from associated 
dissipation processes. Electrochemical methods allow energy to be channeled in directly 
into reactions and thereby short-circuit energy transformations.9 As a result, electricity 
generated from renewable sources such as wind, solar or hydro energy can sustainably be 
employed for chemical transformations.10 The employment of mediators permits reduction 
or oxidation of substrates at further low potentials than they would otherwise undergo 
redox transformations.11 Therefore, there is the potential to develop a competitive 
technology amenable to pertinent sustainability needs using available expertise and 
equipment in electrochemistry.  
 Electrosynthesis is an enabling tool to pharmaceutical industry to realize their 
efforts in adopting 12 principles of green chemistry in manufacturing processes.12-14 Green 
chemistry is defined as “the design of chemical products and processes that reduce or 
eliminate the generation of hazardous substances”.1, 15 The waste from pharmaceutical 
productions originates from solvents, unreacted starting materials, redox reagents, bases 
and additives. By using flow methods for electrochemical reactions, solvent use can be 
minimized while improving reaction efficiency.16 As reagents, electrons do not leave any 
waste and therefore, are inherently clean reagents that facilitate electrochemical redox 
reactions. Electrochemical oxidations and reductions potentially replace chemical 
oxidants, reductants and bases.4 Thus, electrochemical methods potentially prevent waste 
generated by oxidants, reductants and bases. Elimination of waste generation improves 
atom economy through efficient utilization of starting material to form products. In 
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addition, the selectivity of electrochemical reactions minimize protection and deprotection 
steps in organic synthesis, which also improves atom economy.  
Introduction of electro-synthetic methods further serves to enhance practicing 
green chemistry principles. The substitution of conventional redox reagents and reactive 
bases with electric current diminishes the hazards associated with conventional reagents. 
Recoverable and reusable ionic liquids are used as greener solvent replacements in 
electrochemical reactions.17 These reactions can be carried out at room temperature and 
thereby it saves energy used for heating and cooling of reaction vessels. Electrochemical 
conversions can be done by using renewable feedstocks such as biomass by making use of 
electro-active functional groups and green chemistry principles encourage to use renewable 
feedstocks.18 Real time analysis of reaction progress is possible by coupling synthetic 
process with techniques such as GC-MS. Clearly, electrosynthesis provides pharma an 
alternative route for green process designs evaluated by green chemistry metrices.  
1.2 Definitions of Green chemistry parameters 
Green chemistry metrics are used to benchmark the adoption of green chemistry 
principles for manufacturing processes.19 As indicators of “greenness”, they permit 
comparison of different manufacturing routes to the same pharmaceutical product.  
Atom economy proposed by Trost in 1991, is a frequently used parameter to 
evaluate the “greenness” of a process.20 The ratio of the molecular weight of products to 
molecular weight of raw materials and reagents converted into a percent provides the atom 
economy(Figure 1.1 a). This parameter considers the theoretical stoichiometry of starting 
materials and theoretical yield, assuming complete conversion of starting materials to 
5 
 
products. Therefore, atom economy can be applied at any scale, however, it disregards 
other additives and solvents.21  
Process Mass Intensity (PMI) is another parameter proposed by EPA and ACS 
Green Chemistry Institute in 2006.22 PMI is calculated by the ratio of the mass of material 
input including solvents and mass of pharmaceutically important products (Figure 1.1 b). 
Reports have indicated that PMI values for pharmaceutical products are in the range of 47-






1.3 Principles of Organic Electrochemistry 
1.3.1 Components of electrochemical setup 
A typical electrochemical cell consists of two or more electrodes immersed in a 
solution of an ionic conductor called the electrolyte.24-25 Transition metals, reticulate 
vitreous carbon, and boron doped diamond are available choices for electrodes. Transition 
metals are no longer popular choices because of cost and sustainability concerns.3 
Reticulate vitreous carbon is an inert and inexpensive material that offers high surface area 
to volume ratio. This is advantageous for high conversion of raw material to products.25 
Boron doped diamond is a semi-conductor electrode that has demonstrated the highest 
a) Atom Economy 
b) Process Mass Intensity  
 
Figure 1.1. Formulae for key green chemistry matrices20, 22 
AE =           MW(products) 
          ∑MW (raw materials) + ∑MW (reagents)  
*100 % 
PMI =  ∑m(Input materials and solvents) 




over-potential for hydrogen evolution, by which it provides a broader potential window.26 
As a result, boron doped diamond electrodes are used in green chemistry applications such 
as waste water treatment27, carbon dioxide reduction28, and anodic cross coupling 
reactions.29 
1.3.2 Choice of Solvent 
The electron transfers from electrode to substrates occur through a layer of solvent 
in contact with the surface. The accessible potential window, dielectric constant, dipole 
moment, and solubility of electrolytes and substrates are important parameters to consider 
for solvent choice.30 The potential window of solvent/ electrolyte combinations have been 
reviewed extensively.24, 30-31 The solvent choice clearly impacts the nucleophilicity and 
stability of intermediates.32-33 The solvents used for electrochemistry comprise two 
categories: protic solvents and aprotic solvents. Sulfuric acid, trifluoroacetic acid, water 
and methanol are examples of protic solvents. Protic solvents can be used as a proton source 
for the reactions, however, they can protonate anions generated and scavenge radical 
cations in oxidation reactions.24, 34 The examples of aprotic solvents are acetonitrile, 
dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), propylene carbonate and 
tetrahydrofuran (THF).  
In addition to chemical and physical parameters, it is necessary to consider 
environmental footprint of a solvent. Recent analysis reveals that more than 70% of 
pharmaceutical waste originates from solvent.35 As a result, pharmaceutical companies 
such as GSK,36 Astra Zenca,37 Pfizer,38 and ACS Green Chemistry Institute Pharmaceutical 
Roundtable39 have developed solvent guides. Safety parameters and health hazards 
associated with solvents, their impact on air and water and waste produced have been taken 
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into consideration in developing these guides. Lot of  solvent selection guides have listed 
dichloromethane and dimethylformamide as undesirable for pharmaceutical preparations.38 
Ionic liquids such as imidazolium tetrafluoroborate have been introduced as green solvents 
for electrosynthesis.36-37 The amount of solvent used can be reduced by adopting flow 
methods and reducing the amount of solvent used improves process mass intensity of the 
process.38  
1.3.3 Choice of Electrolyte 
During electrolysis experiments, an electrolyte is dissolved in solvent to improve 
the conductivity. The choice of the electrolyte relies on its solubility, redox potential 
window and ease of separation.40 Cathodic electrolyses require reductively stable cationic 
species in the electrolyte such as tetrabutylammonium ions. Such large cations have 
negligible chelation interactions with organic substrates. Lithium salts have been used in 
polar solvents. The anionic component of electrolyte requires to be stable to oxidation.40 
The commonly reported anions are [PF6]
-, [BF4]
-, and [ClO4]
-. Iodide ions have 
demonstrated the initiation of radical reaction pathways at anode, and therefore not suitable 
as inert electrolytes.41 The cations stabilize anionic intermediates and anions stabilize 
radical cations generated during electron transfer.42-43  
Implementation of green chemistry principles require recovery and reuse of 
electrolytes. Ideally, an electrolyte that is more soluble in water can be easily removed from 
the reaction mixture after the reaction. Several ionic liquids have been developed in the 
past decade with the aim of improving reusability of electrolyte.18, 44 Ionic liquids are salts 
in liquid state at low temperatures and are composed of ion pairs.17 Cations such as 





- compose ionic liquids. These attributes enable ionic liquids to be used 
as both electrolytes and solvents. This directly impacts improving PMI values of synthesis. 
Oxidative and reductive reactions such as Shono oxidation45 and CO2 reduction
46 and 
polymerization reactions47 have been reported in ionic liquids.  
1.3.4 Different Types of Electrolyses 
Two types of electrolytic methods are employed for preparative electrolysis of 
organic compounds: control potential (potentiostatic) and control current (galvanostatic) 
electrolysis.24, 48 Control potential electrolysis is conducted at constant potential with 
reference to a reference electrode. Therefore, a reference electrode such as saturated 
mercury electrode or silver/silver chloride electrode should be employed. The substrate is 
consumed as the reaction progresses, and the progress of the reaction is indicated by the 
variation of current with respect to time. The total quantity of charge passed equates to the 
area under the current vs time curve. The completion of the reaction is indicated by a sharp 
drop of the current. The selectivity of the reaction is governed by the potential applied.  
During constant current electrolysis, the current passed through solution is fixed 
and the potential difference between electrodes fluctuate to maintain constant current.10 
Initially, the substrate with the lowest oxidation potential undergoes oxidation at the anode. 
The potential at anode remains at the corresponding value until the substrate has depleted 
completely. Next, the anodic potential increases until it reaches the oxidation of the solvent 
in the absence of any other organic substrates. Efficiency of the process can be improved 
using low current densities. This process doesn’t require a reference electrode. The charge 
passed can be controlled by altering the current.  
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Both these types of electrolyses can be carried out in single compartment and two 
compartment cells.48-49 In a single compartment cell, both anode and cathode are contained 
in a single chamber. This method offers less resistance to movement of ions in the solution. 
However, it’s not a viable option for “pool” methods that involve generation of a pool of 
reaction intermediates at one electrode. In a two-compartment cell; the anodic chamber is 
separated from the cathodic chamber by a frit. The frit lowers conductivity of the cell. Such 
a divided cell is ideal for both “cation” and “anion” pool methods; where the intermediates 
generated at one electrode should be protected from reaching the other electrode.50-53  
1.3.5 Electron transfer at the electrode 
Electron transfers from electrode to substrate (abbreviated as E) and vice versa are 
essential for electro-chemical processes. During reductions, when a negative potential is 
applied to the electrode, the energy of the Fermi level is raised and electrons flow into 
LUMO levels of substrate molecules generating radical anions (Figure 1.2 a).12, 40 In an 
analogous way, the energy of Fermi level is lowered by applying a positive potential during 
oxidations. Consequently, an electron is transferred from the electroactive species to the 
electrode generating a radical cation. (Figure 1.2 b)  Both radical anions and cations are 
unstable species that undergo subsequent chemical reactions (abbreviated as C). Electron 
transfers and chemical reactions can occur in a variety of kinetic sequences such as EC, 
ECE, CE, and EE.12 Both bulk electrolysis and cyclic voltammetry are great techniques to 






Figure 1.2. Heterogenous electron transfer a) from 
electrode to substrate during reduction b) from substrate to 
electrode during oxidation. Adapted from reference 40, 48 
 
1.4 History 
Historically, redox chemistry investigations have been intricately linked with 
advances in electrochemistry. The invention of the first electric battery the “volta pile” 
enabled initial applications of electricity to chemical transformations.49, 54-55 Michael 
Faraday formulated laws of electrolysis in 1834 and generated foundations of knowledge 
to develop practical uses of electricity.55 His laws determined the relationship between the 
quantity of products formed and the amount of electricity passed. His descriptions of 
electrolysis popularized new terms such as electrode, electrolyte, and ions. The 
introduction of Cottrell equation by F.G. Cottrell in 1903 to relate electrode kinetics to 
mass-transfer laid the foundations for chronoamperometry was another milestone.56  
These initial efforts progressed towards the invention of Kolbe electrolysis of 
carboxylic acids to produce symmetric dimers (Figure 1.3.a). Electrolysis of carboxylic 
acids was first studied by Faraday and followed by studies of Kolbe.57 This oxidative 
decarboxylation method proceeds through radical intermediates. This process provided a 
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greener and operationally simple alternative to Wurtz reaction, which required 
stoichiometric quantities of highly reactive sodium metal.58 However, Kolbe’s method 
produces a lot of side products such as alkenes due to the instability of the intermediates 
formed. In addition to dimerization, the radical intermediates can undergo rearrangements. 
Therefore, the outcome is highly sensitive to nature of substrate, current density, substrate 
concentration and pH of the medium.59 A pertinent example of synthetic utility of Kolbe 
reaction has been reported by Marco et al. to obtain long chain alkanes from short chain 





Figure 1.3. Kolbe reaction(a)57 and Kolbe reaction directed 
radical cyclization(b)60  
 
 
Simons Fluorination process, invented in 1949, was developed to be a 
commercialized process that obviates fluorination with fluorine, which is a hazardous 
substance (Figure 1.4).61 During this process, organic compounds such as acid chlorides, 
esters, and some aliphatic heterocyclic compounds are electrolyzed in anhydrous HF to 
substitute all the hydrogens.62 This process is used to produce fluorinated material such as 
perfluorinated carboxylic acids and amines. The hazards associated with initial process 




Figure 1.4. Electrochemical reactions of Simons fluorination61-62 
 
The Monsanto adiponitrile process invented in 1960 was another major leap in 
introducing an electrochemical approach for commercial productions (Figure 1.5).49 
Adiponitrile (ADP) is a raw material of hexamethylenediamine (HMD) which is also a raw 
material for nylon 6,6 fibers. In this reaction, an electron deficient alkene is reduced to 
produce an anionic intermediate that dimerizes to form adiponitrile.11 The electrochemical 
process avoids hydrogenation of the double bond and selectively dimerizes monomers to 
produce adiponitrile in water. In 2005, 0.481 million metric tons of adiponitrile were 
produced via Monsanto route.63  
 
Figure 1.5. Electrochemical adiponitrile synthesis31, 63 
  
The discovery of triarylamine mediator64 (1960), chiral electrodes by Miller65 
(1975), and Shono oxidation66 (1975) have demonstrated their impact through a variety of 
applications. Historical developments of electro-organic chemistry have been reviewed 
extensively.49 The increasing demand for broadly applicable and greener synthetic methods 
has fueled the renaissance of electro-synthetic methods. Next, several recent developments 
of the renaissance that are important for contemporary organic synthesis will be discussed. 
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1.5 Pertinent Green Electro-Oxidative Synthetic Methods 
 Electrochemical methods have been used to generate unstable reactive intermediates 
under mild conditions in the absence of bases and oxidants. Such methods introduce a 
greener alternative to conventional methods that use stoichiometric quantities of bases and 
oxidants. Some pertinent examples that introduce greener approaches by introducing 
electrochemistry will be reviewed in following sections. 
1.5.1 Cation pool method 
 Cation pool method introduced by Yoshida et al. provides a greener method for the 
generation of unstable cationic intermediates.53, 67 Cation pool method has found 
applications into cross coupling,68 alkane oxidation,69 alkylation,70 allylation,53 and 
halogenation.53, 59, 71 The cation pool method is a two-steps procedure that generates the 
cations via anodic oxidation at -72 °C during the initial step. This is an irreversible step and 
low temperature electrolysis allows for stabilizing the carbocation generated via oxidation. 
The solvent, counter-ion and stability of the cation are vital for the success of this reaction.  
In the subsequent step, nucleophiles are added to the “cation pool”. The reaction of cations 
with nucleophiles generates a carbon-carbon bond (Figure 1.6). This pool technique allows 
electrophiles and nucleophiles to be separated by space and time. Therefore, nucleophiles 
of lower oxidation potential than the starting material can be used for these reactions. The 
cations generated via low temperature electrolysis includes N-acyliminium,67 
alkoxycarbenium,72-73 diarylcarbenium,74 glycosyl,75 silyl,76 iodine,71 alkoxysulfonium,77 
benzylaminosulfonium,68 arene,78 thioarenium cations,79 and thionium cations.52 A variety 
of nucleophiles including cyanides, allylsilanes, silyl enol ethers, ketene silyl acetals, 
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organomagnesium, and organozinc compounds have demonstrated good reactivity with 




Figure 1.6. Cation pool approach for direct functionalization of 
carbamates53, 59 
 
 For substrates that are not easily oxidizable, a silyl group has been used as an 
electro-auxiliary to reduce the oxidation potential (Figure 1.7 a).52  The reaction of N-
acyliminium ions with aromatic compounds provides an alternative route to electrophilic 
aromatic substitution (Figure 1.7 b).80 This reaction has been attempted in a flow 
microreactor system equipped with micromixers to achieve selectivity to monoalkylated 
product. The N-acylium cations generated through cation pool approach can be reduced to 
form radicals (Figure 1.7 c).81 The radical intermediate undergoes an addition reaction with 






Figure 1.7. a) Influence of electroauxiliary on the oxidation potential52 b) “Cation pool 
directed selective monoalkylation using micromixing80 c) Radical mediated C-C bond 
formation81 
 
1.5.2 C-H Amination 
Yoshida and co-workers reported an amination procedure of aromatic compounds 
that involves direct conversion of C-H bonds to C-N bonds (Figure 1.8).82-83 The oxidation 
of aromatic compounds in the presence of pyridine using carbon felt anodes results in N-
arylpyridinium82 cations. N-mesylimidazole83 and pyrimidine84 are two other heterocycles 
that can substitute for pyridine in the generation of oxidatively inactive cationic 
intermediates. N-aryl pyridinium ions are subsequently converted to NH2 groups through 
the reaction with nucleophiles such as aliphatic amines. The use of a sacrificial base to 
stabilize the cations obviates the introduction of amines into reaction mixture under 
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oxidizing conditions. This procedure is carried out in acetonitrile under base, oxidant, and 
metal free conditions. Functional group tolerance has been demonstrated over iodo, 
methoxy, carbonyl, nitro, and ester functionalities.82 The applicability of the procedure has 
been extended to the synthesis of N-alkylaniline derivatives with alcohol and amino 
functionalities in the alkyl chain.85 
 
Figure 1.8. Electrochemical amination for primary amine synthesis82 
  
Waldvogel and coworkers expanded the scope of Yoshida’s strategy to a variety of 
alkylated arenes (Figure 1.9).86  Boron doped diamond (BDD) electrodes were used for this 
study. Several reports indicate higher performance of sp3- carbon based boron doped 
diamond electrodes over sp2 - carbon based graphite electrodes at high anodic potentials. 
A broad range of alkyl arenes including tert-butyl and isopropyl benzene, mesitylene, and 
tetrahydronapthalene produced good yields. By adopting a similar strategy, the same group 
has demonstrated two-fold amination of naphthalene via dipyridinium derivative.87  
 
 
Figure 1.9. Electrochemical amination of alkylated 




1.5.3 Heterocycle Formation via Anodic coupling 
Moeller’s group has reported a C-N bond forming cyclization procedure for the 
synthesis of pyrrolidine and piperidine rings (Figure 1.10).88 The yields of the reaction 
were influenced by the nature of substituents in the alkene, electrolyte, solvent and alkaline 
conditions. Higher yields are obtained with less polar olefins under alkaline conditions. 
The anodic coupling protocol is initiated by oxidation of the alkene to generate a radical 
cation, which is trapped by the nucleophilic moiety in the olefin, leading to cyclization 
followed by a second oxidation (Figure 1.10.a). Alcohols, amines, and sulfonamides were 
used as nucleophilic moieties. Use of a strong base such as LiOMe facilitates the generation 
of nucleophilic anion and improves yields. Oxygen and nitrogen heterocycles of ring sizes 
five-seven were synthesized. By using amides and anilides, synthesis of lactams has been 
reported following this procedure (Figure 1.10.b).89  These reactions can be run in an 










Figure 1.10. Anodic cyclizations a) mechanism of intramolecular 




1.5.4 Halogen Mediated Green Synthesis of Indolines 
Little and co-workers reported a green procedure for the synthesis of 3-methoxy-1-
phenylsulfonylindolines (Figure 1.11).90 Constant current electrolysis of 2-vinylphenyl 
sulfonamide derivatives in methanol using n-Bu4NI as a redox catalyst, leads to amino 
oxygenation of the alkene affording the cyclized product. Functional group tolerance has 
been demonstrated over electron donating and withdrawing moieties. Electrolysis is carried 
out in a single cell using graphite electrodes. The paired electrolysis generates methoxide 
nucleophiles via cathodic reduction of methanol. Therefore, no bases and oxidants are 
required for the synthesis procedure. Further, excess electrolyte wasn’t required for scaled 

















1.6 Pertinent Green Electro-Reductive Synthetic Methods 





Direct reduction of organic functional groups to generate functional groups such as 
aldehydes, ketones, alcohols and ethers has been known long.49 Ketyl radicals generated 
from reduction of ketones can be dimerized through pinacol coupling to produce 1,2-
diols.91 Pinacol coupling is employed in synthetic strategies of taxol, cotylenol, and HIV-I 
protease. Manchanayakage et. al. reported a metal-free electrochemical procedure for 
pinacol coupling of aromatic aldehydes and ketones in ionic liquids (Figure 1.12).18 The 
use of an ionic liquid obviates the necessity of excess electrolytes.  The recyclability and 
reusability of the ionic liquid up to five times enhances the greenness of the procedure.  
1.6.2 Cathodic Reduction of Esters 
 Chemoselectivity of ester reduction has always relied on the choice of reducing 
agent. Markó et al. has reported an electrochemical procedure for the reduction of toluate 
esters that demonstrates a relationship between reaction solvent and product 
composition.32-33 Reduction of toluate esters produces a radical intermediate which 
decomposes to the corresponding alcohol in protic solvents and the alkane in aprotic 
solvents (Figure 1.13). It has been applied for the reduction of a variety of substrates. This 
 
 
Figure 1.12. Electrochemical pinacol coupling of aromatic 
carbonyl compounds in ionic liquids18 
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process is greener than the corresponding Barton-McCombie reaction that requires toxic 
reagents such as tin reagents.92   
 
Figure 1.13. Decomposition of intermediates of ester reduction in 
different solvents32-33 
 
1.6.3 Electrocatalytic Reductive Cross Coupling 
Electrocatalytic methods have been developed for organic reactions that require 
stoichiometric reductants such as cross electrophile coupling (Figure 1.14).93-94 Nickel 
pyridyl complexes have been reported as electrocatalysts of cross electrophile coupling. In 
electrocatalysis, the molecular catalyst receives electrons from the electrode initially via 
heterogenous electron transfer. The reduced species (Ni (0) complex) undergoes oxidative 
addition with aryl halides raising the oxidation state of the metal center. The high valent 
species thus produced reacts with a radical derived from the alkyl halide or ester. The Ni 
(III) species generated undergoes reductive elimination to produce the cross coupled 
species. The Ni(I) species formed after reductive elimination plays a key role in the 
origination of radicals from alkyl halides and N-hydroxypthalimide esters. Caron dioxide 
is formed on radical generation from N-hydroxypthalimides.27, 93 Both reports have 











Adopting a redox mediated approach allows generation of catalytic intermediates 
in a selective and controlled manner.8 The mediator allows the electron transfers to occur 
at fairly low potentials and avoid over oxidations and reductions of molecules. The electric 
current obviates consumption of stoichiometric quantities of reductants for reductive 
coupling. Decarboxylative cross coupling has successfully been attempted in an industrial 
electrochemical flow reactor using continuous flow method.27  
1.6.4 Electrocatalytic Amination 
 
 





Figure 1.14. Catalytic cycle of electrochemical cross electrophile 
coupling/ reductive cross coupling.93-94 
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 Using conditions similar to reductive electrochemical cross coupling, Baran et al. 
have reported nickel catalyzed electrochemical amination (Figure 1.15).95 Amine 
functionalities are prevalent entities in medicinal compounds.96-97 Therefore, a scalable and 
broadly applicable procedure is highly desirable as an alternative to numerous amination 
procedures available.97 This reaction is carried out at room temperature, under mild 
conditions in a base free environment. In this procedure, aryl halides and aliphatic amines 
are coupled in the presence of a nickel catalyst in an undivided cell using carbon anodes 
and nickel cathodes. Broad functional group tolerance has been demonstrated over acid 
and base sensitive functionalities and electron donating and withdrawing groups.  
 






 Electrochemical reductive Smiles rearrangement is a recent example of a 
conventional organic reaction approached from an electrochemical perspective (Figure 
1.16).98 The classical Smile rearrangement proceeds through an anionic intermediate to 
effect nucleophilic aromatic substitution.99 The electrochemical procedure leads to 
generation of an amidyl radical at the cathode from the cleavage of N-O bond. No bases 
 
 
Figure 1.16. Electrochemical Smiles Rearrangement98 
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and reductants are used. A variety of amides have been synthesized. The applicability of 
the reported strategy to synthesis of axially chiral aniline derivatives has been 
demonstrated. This is a new strategy that enables formation of C-N bonds under mild 
conditions using available precursors that is highly desirable for total synthesis procedures.  
1.6.6 Electrogenerated Bases 
The acidic protons in weakly acidic organic molecules can be reduced to hydrogen with 
co-production of anions, in aprotic solvents. Studies of cathodic generation of bases were 
pioneered by Manuel Baizer,43 Lund,100 Iversen,100 and Shono.101 The electrogenerated 
reduced species can be a radical anion, anion or a dianion. The anionic species can behave 
either as nucleophiles or bases depending on reaction conditions. The counter ion of the 
electrolyte helps in stabilizing the anionic species.42-43 The reaction 1 in Figure 1.17 is an 
example of an electrogenerated base used to generate a nucleophile at a tertiary carbon.42 
Triphenyl methyl anion species is formed by electro-reduction of triphenyl methane. The 
anion acts as a non-nucleophilic base for regioselective deprotonation of 2-methyl 
cyclohexanone. The anionic carbon is next alkylated forming an unsymmetric cyclic 
ketone.  In reaction 2 of Figure 1.17, the base generated from reduction of 2-pyrrolidinone 
is used to deprotonate trifluoromethane.43 The trifluoromethyl anion reacts with various 











Inesi et al. have reported the generation of N- Heterocyclic Carbenes via 
electrochemical reduction in ionic liquids (Figure 1.18).44 The formation of the carbene on 
electrolysis is evidenced by nucleophilic addition of carbene to benzaldehyde to afford the 
adduct in Figure 1.18 reaction 1.102 Further, the NHCs have been used as bases to 
deprotonate benzoxazolones.44 The recovery and reuse of ionic liquid up to five times has 










Figure 1.17. Carbanions as electrogenerated bases42-43 
 
 










Electrochemical Michael addition and Knoevenagel condensation are two early 
reports of electrogenerated carbon nucleophiles.103-104 In Knoevenagel condensation, a C-C 
bond is formed by base catalyzed condensation of a carbonyl compound with a methylene 
compound like diethyl malonate. Inesi et al. reported Knoevenagel condensation under 
solvent and supporting electrolyte free conditions at 40 °C (Reaction 1, Figure 1.19).103 In 
this process, constant current electrolysis of the reactants is carried out using Pt electrodes 
in a single or divided cell. In electrochemical Michael addition, a β-dicarbonyl compound 
is electrolyzed with a Michael acceptor at room temperature in a divided cell using Pt 
electrodes (Reaction 2, Figure 1.19).104 This report explores Michael addition with β-
diketones, β-ketoesters, and malonate esters. 
Alizadeh et al. have reported the use of electrogenerated carbene in the synthesis 
of phenylcarbonimidoyl dyes (Figure 1.20).105 This is a paired electrosynthesis procedure 
carried out using a stainless-steel cathode and carbon anode. At the cathode malonitrile is 
reduced to the carbanion. At the anode, both Fast Violet B(FVB) and Fast Blue B(FBB) 
 
 
Figure 1.19. Electrochemical Knoevenagel condensation 
(reaction 1) and  Michael addition (reaction 2).103-104 
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are oxidized. The oxidized species reacts with the carbanion malonitrile to yield 
carbonimidoyl dicyanide derivatives. This is a catalyst free procedure, carried out at room 








1.7 Anion pool method 
“Anion pool” driven organic synthesis incorporates both electrochemistry and 
organic synthesis for greener derivatization of pharmaceutically important molecules. This 
is a base and metal free procedure carried out in organic solvents recommended for 
pharmaceutical preparations. The anion pool procedure generates reactive nitrogen 
nucleophiles in situ via electrochemical reduction of heteroaromatic substrates.50-51 The 
adoption of such a methodology prevents generation of waste from bases used for 
deprotonation. Hydrogen is the main by-product of generation of anion pool, which, if 
produced at a large enough scale could be used as a renewable fuel. These attributes comply 
with the principles of green chemistry, allowing synthetic chemists to carry out reactions 
in an atom-economic and environmentally friendly manner.  
 
 
Figure 1.20. Electrochemical synthesis of phenyl carbonimidoyl dyes 
using electrogenerated carbon nucleophiles105 
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The “anion pool” method was first used to derivatize of benzimidazoles with alkyl, 
acyl and benzyl halides. We were able to achieve selective substitution at the 1H position 
in high yields with a variety of benzimidazoles and electrophiles bearing a variety of 
functional groups.50 The second study was aimed at selective acylation of indazoles at the 
N1 position. Indazoles bear two nitrogen atoms on the pyrazole ring that tend to undergo 
non-selective reactions with electrophiles. By adopting the anion pool approach, we were 
able to achieve great selectivity to N1-position while also improving the yields, decreasing 
chemical additives, and utilizing safe solvents and less moisture sensitive acid 
anhydrides.103 This procedure can be carried out in an inexpensive set-up connected to a 9 
V battery, indicating that this reaction could easily be adapted to being driven by the power 
of a basic solar cell. The adoptability of such a user-friendly set up makes it easier to 
incorporate green chemistry experiments to class-room teaching. This procedure is 
applicable for amidation reactions. Amide formation avoiding poor atom economy 
reagents has been identified as a priority for the ACS GCI pharmaceutical roundtable. The 
anion pool method can be extended with a nucleophilic substitution to produce two 
pharmaceutically important compounds in a single cell with very good atom economy.  
1.8 Future Perspectives 
 The last decade has seen a significant increase in electrosynthetic reports. They 
have uncovered new reactivity trends providing unique methods to synthesize a variety of 
organic compounds under mild and environmentally benign conditions. Some recent 
discoveries have been benchmarked with process greenness scores. The discovery of novel 
reactivity trends and benchmarking their greenness present a strategic approach to 
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A direct electrochemical synthesis of 1H-substituted benzimidazoles is described. 
Benzimidazole is a commonly used nitrogen heterocycle in U.S. FDA approved drugs, 
therefore a direct, and sustainable approach that limits chemical waste for the synthesis of 
substituted benzimidazoles is appealing. The electrosynthetic approach described within is 
able to synthesize a variety of 1H-substitubed benzimidazoles while concurrently 
producing H2, without a transition metal catalyst or added bases. Furthermore, the 
procedure works efficiently with only simple carbon electrodes, thus avoiding commonly 
employed platinum and gold electrodes. This electrochemical procedure also exhibited 
good functional group tolerance. Desired products were achieved with up to 88% yield, 
illustrating the range and possible sustainability of this approach.  
2.2 Introduction 
Nitrogen heterocycles and their derivatives are significantly widespread as 
structural units of many medicinally important compounds as well as compounds of 
interest for material sciences.1-2 A broad range of biological activities of benzimidazole are 
known.3-6 According to a recent analysis benzimidazole is one of the top 25 of most 
frequent nitrogen heterocycles in U.S. FDA approved drugs.7 Moreover, 46 % of U.S. FDA 
approved pharmaceuticals that contain benzimidazoles are substituted at the 1H-position.7 
The substituents may vary from alkyl, benzyl groups to cycloalkyl moieties appropriately 
substituted with different functionalities as shown in the select drug structures in Figure 
2.1. The 1H-substituted benzimidazole derivatives are traditionally prepared through either 
reductive amination8 or through deprotonation followed by nucleophilic substitution with 




Figure 2. 1. Selected examples of U.S. FDA 
approved pharmaceuticals containing the 
benzimidazole moiety. The 1H-position has 
been highlighted. 
  
For the deprotonation synthetic route, the weak acidity of the NH group can 
necessitate the use of strong bases and elevated reaction temperatures. These harsh 
conditions can lead to particularly challenging preparations of benzimidazole derivatives 
that contain base sensitive functionalities. Moreover, competing side reactions of carbon 
electrophiles, such as dehydrohalogenation, might also limit benzimidazole 
functionalization. The conventional procedures may also lead to over-alkylation of 
benzimidazole producing quaternary salts.11 In addition, stoichiometric quantities of waste 
are generated from the used base in the reaction. 
With respect to the reductive amination route, the generation of a benzimidazole 
nucleophile with a chemical reductant requires judicial choice of the reductant. The 
reductant ideally should avoid toxic waste generation or excessive side reactions. Mild 
chemical reductants may lead to inefficient or a lack of product formation. Conversely, 
strong chemical reductants often require rare transition metal catalysts for selective product 
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formation.12-16 Therefore, the development of effective and sustainable synthetic procedure 
for the production of benzimidazole derivatives remains highly desirable.    
Electrochemistry offers a chemical-reductant-free route to the generation of 
nucleophilic bases. Electrochemistry replaces possibly toxic chemical redox reagents with 
electrical current for the in-situ generation reactive species.17-18 The topic of 
electrogenerated nucleophiles has been reviewed.19-20 The in-situ generation of short-lived 
nucleophiles from nitrogen heteroaromatics has also been reported.18, 21 The versatility of 
electro-organic chemistry is derived from its ability to apply precise electrical potentials to 
a reaction mixture, therefore, avoiding the problem of over reduction/oxidation that can be 
incurred during chemically driven redox reactions.12 This is a helpful feature in developing 
a chemoselective synthesis with high functional group tolerance. 
Electrochemistry has received considerable attention as a tool for incorporation of 
principles of green chemistry in redesigning conventional synthetic processes to minimize 
their negative environmental effects.22-24 Greener synthetic routes are of importance in an 
era where the manufacture and disposal of synthetic chemicals have impacted the human 
health and environment considerably.25 The adoption of this methodology helps in 
reduction of the cost of raw material as well as the cost of waste disposal.22 From a process 
chemistry perspective, eliminating cooling down of reaction vessels is attractive for 
reducing energy consumption. These attributes comply with the principles of green 
chemistry, allowing synthetic chemists to carry out reactions in an atom-economic and 
environmentally friendly manner.26 
 Herein, we report the direct electrochemical functionalization of benzimidazoles. 
The synthetic process is both transition metal and base-free. The reactions are also carried 
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out at room temperature and do not require noble metal electrodes. Direct reduction of 
benzimidazole from reticulated vitreous carbon (RVC) electrodes generates a strong 
nucleophile capable of reacting with a variety of carbon electrophiles. This process is 
selective for C–N bond formation at the 1H-position of the benzimidazole substrates and 
over-reduced products were not observed.   
2.3 Results and Discussion 
 Experiments were performed to optimize the yields of derivatized benzimidazole 
product and minimize the use of corrosive bases and rare metals. We were encouraged by 
an initial experiment showing that 51% yield could be obtained in a base- and metal-free 
electrochemical synthesis (Table 2.1, conditions A). This initial controlled potential 
electrolysis experiment was performed by mixing both benzimidazole and 1-iodohexane 
in a divided cell containing acetonitrile with 0.1 M tetrabutylammonium 
hexafluorophosphate electrolyte. Traditional methods for benzimidazole derivatization 
typically use DMF and DMAc solvents, which are not regarded as safe for pharmaceutical 
preparations. However, acetonitrile, which is used in this study, has been labeled as safe 
for pharmaceutical preparations.27 A potential of -2.4 V vs. NHE was then applied to a 
RVC working electrode for 7 hours. This potential was chosen because cyclic voltammetry 
experiments indicated benzimidazole in acetonitrile leads to a cathodic current response 
above background current near -2.4 V vs. NHE (Figure A.1).  
 Controlled current electrolysis experiments were also attempted to illustrate the 
feasibility of using galvanostatic methods for these reactions. Galvanostatic methods are 
easier to scale up and commonly employed with industrial electrochemical processes.28 In 
an undivided cell with a constant current of 5 mA, the reaction shown in Table 1 was 
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attempted. The yield of desired product for this experiment was only 27%. We 
hypothesized that the reduced benzimidazole substrates could subsequently be oxidized at 
the counter electrodes in an undivided cell, thus leading to lower product yields. To test 
this hypothesis, a controlled current electrolysis at 5 mA was performed in a divided cell. 
Product yields increased to 68% using the divided cell without optimizing current density. 
However, due to the IR drop across a fritted cell, the applied potential during this 
experiment averaged 6.7 V, thus the divided cell expectedly required a greater cell voltage 
than the undivided cell. Despite the trade-off between product yields and applied cell 
voltage, these experiments show that galvanostatic methods can be used to synthesize 
substituted benzimidazoles without transition metal catalysts or added bases. For this study 
we chose to examine the syntheses using potentiostatic methods to optimize the following 
two step process and avoid over-reduction of the products and reactants.   
 The electrosynthetic conditions for controlled potential electrolysis experiments 
were then altered in an attempt to optimize the yield of the desired product. To prevent 
direct reduction of the halocarbon substrate, the electrosynthetic procedure was altered. 
Initial reduction of benzimidazole was performed until the current response dropped to 
90% of the initial value. This first-step of the synthesis generates a “pool” of anions, 
analogous to Yoshida’s “cation pool” electrosynthesis procedures.29 After the initial 
generation of benzimidazole anions, the electrophilic halocarbon substrate was added to 
the solution. Removing any applied potential upon halocarbon addition led to even lesser 
yields (Table 2.1, B). Performing a direct reduction of the benzimidazole at -2.4 V, 
followed by lowering the applied potential to -1.0 V after halocarbon addition once again 
led to lower than optimized yields (Table 2.1, C). Performing a direct reduction of the 
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benzimidazole at -2.4 V, followed by applying a potential of -2.0 V after halocarbon 
addition, however, increased the yield of desired product to 73% (Table 2.1, D). The 
hypothesis on why sequential electrode potentials are necessary for optimal yields rests on 
the stability of the generated benzimidazole anions. Similar to the “cation pool” work, the 
pool of anions does not appear to be stable in the absence of applied potential. Maintaining 
an applied potential of -2.4 V results in direct reduction of the added electrophile and 
prevents the desired reaction. Thus our optimization tests showed that an applied potential 
of -2.0 V is capable of keeping the anion pool stabilized and minimizing reduction of the 
halogenated substrates. 
A constant applied potential of -2.0 V over the course of the entire 7-hour 
electrolysis, however, led to only 8% yield (Table 2.1, E). This lower yield is likely due to 
incomplete reduction of the benzimidazole substrate. Removing all applied potential led to 
0% yield. Furthermore, replacing the carbon counter electrode with a Pt coil did not have 
an effect on the overall yield of the desired product, as can be seen in Table 2.1, G. This 
result shows that expensive, rare metal electrodes are not required to promote product 
formation. Adding a large excess of 1-iodohexane, in an attempt to increase the efficiency 
of the organic reaction, actually lead to a decrease in desired product. Furthermore, setting 
up the reaction without exclusion of water or air using conditions D once again lead to 70% 
product yield.  The reaction, however, required four more hours of electrolysis to obtain 
comparable yields and nearly double the amount of charge was passed, likely due to O2 
reduction at the working electrode. Lastly, different solvents were examined. Using the 
solvents tetrahydrofuran, dimethylformamide, or dichloromethane instead of the chosen 
solvent acetonitrile all led to yields of less than 20%.  
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A -2.4 V -2.4 V Carbon 51 
B -2.4 V 0.0 V Carbon 23 
C -2.4 V -1.0 V Carbon 32 
D -2.4 V -2.0V Carbon 73 
E -2.0 V -2.0 V Carbon 8 
F 0.0 V 0.0 V Carbon 0 
G -2.4 V -2.0 V Platinum 72 
 
 
All reactions performed at room temperature under 
conditions mentioned in experimental section unless 
otherwise stated.  
 
For reductive electrosynthesis to occur at the cathode, a chemical must be oxidized 
at the anode. In the absence of an added sacrificial chemical, the solvent or electrolyte may 
be oxidized at the anode. Reactions were also carried out to examine the ability to examine 
the extent of solvent/electrolyte consumption, otherwise stated as the ability to recycle the 
electrolyte and solvent for multiple reactions. Conditions D were used to carry out the 
reaction illustrated in Table 2.1. After the reaction was completed, acetonitrile was 
removed from the reaction mixture via vacuum distillation. The product was then extracted 
from the supporting electrolyte at 74% yield in a minimal amount of diethyl ether. 
Following product extraction, excess ether was used to crystallize the electrolyte. The 
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electrolyte was then filtered and dried and recovered with an 85% recovery yield. The 
recovered acetonitrile and electrolyte were then used to perform a second reaction. 
Following the exact procedure just discussed, the second experiment containing recycled 
electrolyte and solvent resulted in a 72% yield of the desired benzimidazole product. A 
second recovery of the starting materials led to a 78% recovery of the electrolyte. These 
results show that electrolyte appears to be consumed during the reaction, but that optimal 
product yields can still be obtained with recycled solvent and electrolyte. 
 To avoid electrolyte consumption, 10 μL of water was added to the reaction mixture 
to act as a sacrificial reductant. With added water, 70% yield for the desired product was 
still obtained, showing that these reactions are not moisture sensitive. More importantly, 
water oxidation can account for the anodic reactions, thus minimizing the electrolyte 
consumption. For traditional base catalyzed reactions, at least one mole of base must be 
consumed per reaction with or without added water. Thus, for the minimal consumption of 
water/electrolyte this approach can synthesize high value benzimidazole products. 
Having established optimized conditions, the focus was laid on determining the 
versatility of this approach through expanding the substrate scope. Initial explorations 
focused on the reactivity between the 1H-position of benzimidazoles and various 
halocarbons. Table 2.2 summarizes the results for a variety of primary and secondary alkyl 
halides. Electrochemical coupling between benzimidazole and primary alkyl halides was 
generally efficient. Straight chain halocarbons containing both electron donating and 
withdrawing groups all resulted in good yields (Table 2.2, 1-3). The presence of ester 
functionalities resulted in lower yields (4 and 5), however, this electrochemical approach 
was tolerant of alkene functional groups with yields up 73% (reactions 6, 7, and 11). The 
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reaction between benzimidazole and an alkyl halide containing a heterocycle was also 
successful (reaction 8).  
Faradaic efficiencies for the reaction trended with the product yields. For example, 
the Faradaic yield of reaction 1 was 81%, while the Faradic yield for reaction 9 was 25%. 
This trend implies the reaction mechanism in Figure 2.2. Complete reduction of the 
benzimidazole substrates occurs with high Faradaic efficiencies, however, the subsequent 
organic reactions are not completely efficient and both product yield and Faradaic yield are 
effected by the limited organic reactivity.  
Reactions involving secondary alkyl bromides were generally less efficient when 
compared to primary alkyl halides, as can be seen by the yields of reactions 9 and 10. The 
reaction between 3-bromocyclohexene and benzimidazole, however, resulted in a good 
59% yield. Addition of a secondary benzylic carbon to benzimidazole, reaction 12, also 
resulted in a 58% yield. As shown in Figure 2.1, there are multiple examples of 
pharmaceutical products which involve benzylic functionalization of the 1H-position of 
benzimidazoles. 
No observable products were obtained when using tertiary carbon electrophiles. 
The lack of reactivity with sterically hindered carbon electrophiles supports a general SN2 
nucleophilic substitution mechanism, as illustrated in Figure 2.2. The electrochemically 
generated benzimidazole nucleophile, in the second step, reacts with the carbon 
electrophile without prior dissociation of the halide atom. A related mechanism has been 
proposed for the N-functionalization of benzoxazolones.18 In the first step, electrochemical 
reduction of benzimidazole generates an anionic benzimidazole product and one-half 
equivalence of molecular hydrogen. Evidence to support this step was achieved by 
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performing an electrolysis in a tightly sealed cell, followed by analysis of the headspace 
using gas chromatography. Post-reaction a peak was observed in the gas chromatograph at 
the retention time expected for H2 when compared to standards. This peak was absent from 
the headspace gas before the reaction was performed. This result indicates that this 




Figure 2.2. Possible mechanism for the functionalization of the 1H-
position of electrochemically generated benzimidazole nucleophiles. 
 
Further exploration on the reactivity of benzylic halides with benzimidazoles was 
undertaken due to their prevalence in medicinal compounds. Numerous protocols for the 
synthesis of benzyl benzimidazoles have been developed, which typically require the use 
of excess base and elevated temperatures.30-33 Further, some reports indicate that 
debenzylation can lead to loss of products under similar conditions in the presence of a 
base.34-35 Other catalytic procedures for the synthesis of benzyl benzimidazoles require 
transition metal catalysts.11, 15, 36-37 A base-free and transition metal-free procedure, 

























Table 2.2. Electrochemical coupling of 
benzimidazole with alkyl bromides. 
 
 







































All reactions performed at room temperature 
under conditions mentioned in Section 2.6  
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Table 2.3 summarizes the yields obtained from our electrochemical approach to 
benzylic functionalization of the 1H-position of benzimidazoles. The results indicate that 
this procedure works well with benzylic halides under ambient conditions. Notably, this 
method is tolerant of easily reducible substituents such as nitro and cyano functionalities, 
Table 2.3, reactions 15 and 16, and furnishes the desired products in comparable yields to 
literature reports.15 Furthermore, the reaction is selective for benzylic halides over aryl 
halides as shown with the 66% yield for reaction 14. No reaction was observed between 
aryl halides and benzimidazoles. This observed selectivity is an advantage of this 
electrochemical approach over transition metal based coupling between halocarbons and 
benzimidazoles. Reaction 17 resulted in an excellent yield, indicating this approach is most 
efficient with electron deficient benzylic substrates.  This approach was also successful in 
coupling an acyl chloride with benzimidazole (reaction 18). Both traditional and 
organocatalytic strategies for acylation of benzimidazole with carboxylic acids require 
stoichiometric quantities of activating reagents.38-40 Therefore, this reported strategy 
introduces a sustainable and broadly applicable approach for such syntheses.  
To further demonstrate the utility of this method, a variety of benzimidazoles were 
also probed. As can be seen from Table 2.4, benzimidazoles with mercapto and pyridyl 
substitutions are the 2-position were efficient substrates for reactions with alkyl halides 
(reactions 19-22). Benzimidazoles such as 2-mercapto benzimidazole and 2-(2-pyridyl) 
benzimidazole, are reported to exhibit biological activity.41-42 Reaction 23 further 
illustrates the selectivity of this approach for reactivity of benzylic halides over aryl 
halides. Functionalization of the 1H-position of 5(6)-bromo-1H-benzimidazole was 
achieved with 72% yield. It is worth noting that the 6-bromo product is illustrated in Table 
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2.4, though the 5-bromo tautomer likely also is present. Tautomerism of benzimidazoles 
has been observed.43 By retaining the bromide at the 6-position this electrochemical 
approach has synthesized a product which can undergo further, selective functionalization 
of the benzimidazole. This selectivity helps limit the number of chemical steps to form 



















Table 2.3. Reactions between benzimidazole 
and benzylic or acyl halides 
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has been observed.43 By retaining the bromide at the 6-position this electrochemical 
approach has synthesized a product which can undergo further, selective functionalization 
of the benzimidazole. This selectivity helps limit the number of chemical steps to form 
complex molecules, hence reducing waste and energy input. 
2.4 Conclusion 
In conclusion, an electrochemical procedure for the functionalization of the 1H-
position of benzimidazoles has been developed. Using electrochemical methods for this 
synthesis also leads to the co-production of molecular hydrogen, which is a renewable fuel 
and widely useful in chemical industry. This procedure achieved efficient reactivity while 
not using transition metal catalysts or added bases. In addition, there is no loss in reactivity 
when only carbon electrodes are used in place of expensive platinum electrodes.  This 
procedure is applicable for both various classes of electrophiles as well as unsubstituted 
and substituted benzimidazoles. Overall good functional group tolerance was also 
achieved. Lastly, the selectivity of the procedure for reactions with alkyl halides over aryl 
halides was exploited to produce unique compounds capable of facile, further 
functionalization.   
2.5 Experimental  
Materials  
Anhydrous acetonitrile (MeCN) 99.8%, water ≤ 50 ppm) was used for all reactions. 
All solutions used for electrochemical measurements contained 0.1 M 
tetrabutylammonium hexafluorophosphate (TBAPF6) further purified by recrystallization 
from ethanol and dried under vacuum at 80 oC for 24 hours. 
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General procedure for electro-synthetic experiments.  
Isolated product yields are reported for preparations setup inside a N2-filled glove 
box to confirm inert atmosphere, though reactions set up on the bench top were able to 
obtain comparable product yields with decreased Faradaic efficiencies due to O2 reduction. 
Preparative electrolytic studies were carried out in a divided cell that contained an anode 
in a secondary container separated from the cathodic area by a glass frit. High surface area 
RVC electrodes were used for both the working and counter electrodes. The reference 
electrode used was a saturated calomel electrode (SCE).  All potentials are reported versus 
NHE (SCE +0.24 V vs. NHE). The solution was continuously stirred at 400 rpm during the 
experiment. 
During the electrolysis experiments, a 0.1 M solution of TBAPF6 in anhydrous 
acetonitrile solvent containing 0.5 mmol of benzimidazole was initially reduced at -2.4 V 
vs NHE. After the current has dropped by 90%, the electrophile was added. After addition 
of the electrophiles, the reaction potential was lowered to -2.0 V vs NHE. After electrolysis, 
the solvent was evaporated off and organic contents were extracted into ether and purified 
by preparative thin layer chromatography. Gas chromatography measurements were taken 
with an HP 5890 Series II gas chromatograph equipped with a Carboxen 1010 PLOT 
capillary column and a thermal conductivity detector using Ar as the carrier gas. The oven 
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CHAPTER 3 
SELECTIVE N-1 ACYLATION OF INDAZOLES WITH ACID ANHYDRIDES 
USING AN ELECTROCHEMICAL APPROACH* 
* Dissanayake, D. M. M. M.; Vannucci, A.K.; “Anion Pool Synthesis for Selective 




An electrochemical synthesis method for the selective N1-acylation of indazoles 
has been developed. The “anion pool” approach electrochemically reduces indazole 
molecules generating indazole anions and H2. Acid anhydrides are then introduced to the 
solution resulting in selective acylation of the N1-position of the indazoles. This procedure 
can also be applied to the acylation of benzimidazole, indole, and imidazole. The reaction 
can also be performed using a 9V battery without loss of reaction efficiency. 
3.2 Introduction 
Nitrogen-containing heterocycles are immensely important building blocks for 
medicinally important compounds.1 More specifically, indazole derivatives are prevalent 
in pharmaceutical research with over 40 new patents being recently filed on biologically 
interesting indazole compounds.2 Research has been carried out on the role of indazole as 
a kinase inhibitor,3 and examples of indazole-based drugs and drug candidates are shown 
in Figure 3.1.4-7 Such drug structures possess various substituents such as alkyl, benzyl and 
acyl moieties at the N-1 position. The structurally diverse indazole scaffolds can be 
synthesized by selectively manipulating the substitution pattern. As a result, methods for 
the selective functionalization of indazoles are appealing for both industry and academia. 
Selective functionalization of indazoles has been previously explored through 
deprotonation of indazoles with added base, followed by functionalization at the nitrogen 
positions. The two non-equivalent nitrogen atoms of indazole should portend the ability to 
form selective products. Early results, however, showed the use of strong bases, such as 
NaH, to deprotonate indazoles led to a mixture of N-1 and N-2 substituted products.8-9 
Selective alkyl functionalization at the N-2 position has since been achieved using weak 
non-deprotonating bases to increase the nucleophilicity of the N-2 position.9-10 Up to 135:1 
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selectivity for alkylation of the N-1 position was also achieved using Cs2CO3 base in 
DMF.11 Indazoles alkylated at the N-1 position have also been synthesized via ring forming 
reactions between 2-halobenzonitriles and N-alkylhydrazines.12 Recently, hetero-
cyclization synthesis has also achieved N-2 substituted indazoles using a phosphacycle 
catalyst.13  
 
Figure 3.1. Selected examples of U.S. FDA 
approved pharmaceuticals and molecules 
under investigation containing the indazole 
moiety. The N1-position has been highlighted. 
  
While impressive selectivities for the alkylation of indazoles has been achieved in 
the aforementioned studies, reports on selective acylation of indazoles are much rarer. 
Acylation of indoles via acyl group transfer has been extensively investigated.14-19 
However, to the best of our knowledge, just two reports of acyl group transfer to indazoles 
have been reported.17, 19  In both reports, a single acylated indazole was reported with yields 
between 60 – 70% and without mention of reaction selectivity towards the N-1 position. 
As can be seen in Figure 3.1, acylated indazoles are drug targets, therefore, the 
development of a general and efficient method for the selective acylation of indazoles is 
important. 
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To address the challenges of general applicability and operational simplicity while 
achieving reaction efficiency, we have utilized an electrochemical procedure for the 
chemoselective acylation of indazoles. This electrochemical procedure, called the “anion 
pool method” was recently developed by our group for the electrochemical synthesis of 
alkylated benzimidazoles.20 The anion pool method builds on principles of the previously 
developed cation pool method,21 and is base, catalyst, and precious-metal-electrode free . 
The procedure generally operates via reduction of substrates to form electrogenerated 
nucleophiles.22 Electrochemistry allows for precise control of the applied reduction 
potentials, and the base-free environment makes this procedure applicable to substrates 
with base sensitive, electron withdrawing and electron donating functional groups. 
Furthermore, in this base-free environment, acid anhydrides can be used for acylation 
reactions without being consumed by side reactions. Lastly, the in situ generated 
nucleophiles can react directly with acid anhydrides without the assistance of an acyl 
transfer catalyst.  
3.3 Results and Discussion 
This reported procedure was carried out through the use of constant current 
electrolysis using a two-electrode setup (Figure B.2). Inexpensive reticulated vitreous 
carbon (RVC) electrodes were utilized to avoid the use of expensive, rare transition metals. 
The reaction conditions were optimized with the aim of developing an efficient method for 
the acylation of indazoles with high chemoselectivity for the N-1 position. Table 3.1 
summarizes the results of the optimization studies.  
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A 8.0  8.0  81 - 
B 4.0  4.0  62 - 
C 16.0  16.0  77 - 
D 8.0  0.5  82 - 
E 8.0  0.0  53 - 
Fa 8.0  0.5  52 11 
Gb 8.0  8.0  45 22 
H 0.0  0.0  18 5 
Ic 0.0  0.0  56 12 
 
All reactions performed at room temperature, 
unless otherwise noted, with 0.1 M Bu4NPF6 
electrolyte, 0.75 mmol of 1H-indazole, 1.4 eqs. 
of acetic anhydride in acetonitrile on cathode 
side, 0.05 M Fc on anode side. RVC anode and 
cathode. Current units in mA. asingle cell set-up 
with iron anode. b1H-indazole and acetic 
anhydride initially mixed.  ccarried out at 55 °C. 
 
For the initial experimental conditions (A in Table 3.1) a two-compartment 
electrochemical H-cell was used with a glass frit separating the anodic and cathodic sides 
of the cell. The solution in the cathodic chamber was initially composed of just 1H-indazole 
substrate and 0.1 M tetrabutylammonium hexafluorophosphate (NBu4PF6) in acetonitrile. 
The anodic chamber contained 0.05 M ferrocene and 0.1 M NBu4PF6 in acetonitrile. The 
ferrocene was added as an electron donor for the system and to avoid excessive 
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consumption/degradation of the solvent or electrolyte. The stable ferrocenium cation 
generated during the electrolysis could be reduced back to ferrocene for recycled use, thus 
limiting chemical waste. With these initial solutions set up, 8 mA of current was applied 
between the two electrodes for a total of 3 hours. This controlled current electrolysis 
generates a “pool” of indazole anions. After the initial three hours, 1.4 equivalents of acetic 
anhydride were added while maintaining the applied 8 mA of current. The electrolysis was 
continued for three more hours with stirring, at which time the electrolysis was terminated 
and the reaction solution was purified to give the desired N-1 acylated indazole product in 
81% yield. GC-MS analysis of the reaction mixture and NMR analysis of the separated 
reaction components showed no evidence for the N-2 product isomer.  
With promising initial results in hand, the experimental conditions were varied to 
explore for further optimizations. Changing the applied current to 4 mA or 16 mA 
maintained the reaction selectivity, but decreased the overall yields (B and C, Table 3.1). 
Varying the current applied after the addition of the acetic anhydride was also explored. 
Lowering the current to 0.5 mA (D, Table 3.1) led to nearly identical yields when compared 
to reaction A, but is advantageous due to the lower applied current consuming less energy 
over the course of the reaction. Completely turning off the electrolysis after addition of 
anhydride (E, Table 3.1), however, led to a sharp decrease in product yield. It is 
hypothesized that the anion pool is only stable while external current is being applied,20 
thus cutting off the applied current leads to a loss of the indazole anions and a decreased 
product yield. The use of a single component electrochemical cell was explored (F, Table 
3.1), but both selectivity and product yield for the reaction dropped. This result implies that 
having a positively charged anode near the anion pool is detrimental for this reaction. 
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Initially adding both the 1H-indazole and the acetic anhydride together before generating 
an anion pool (G, Table 3.1) also led to decreased yields and selectivity. This shows the 
importance of adopting a two steps procedure to obtain the N-1 acetylated product 
selectively. Directly stirring the acetic anhydride and the 1H-indazole together at room 
temperature without an applied current (H, Table 3.1) did result in some product, but with 
poor selectivity. Addition of base was heating the reaction up to 55 °C without applied 
current did result in 63% conversion of the 1H-indazole (I, Table 3.1), but once again the 
selectivity for the N-1 product was poor.  
 Having established conditions D in Table 3.1 as the optimized experimental 
conditions, the substrate scope with respect to acid anhydrides was explored. A range of 
commercially available anhydrides delivered N1-acylated products in consistently high 
yields as shown in Figure 3.2. In all cases, no evidence for the N2-acylated product was 
observed indicating this electrochemical synthesis procedure is completely selective for 
the desired N1-product. Acetic (1), isobutyric (3), and pentanoic anhydride (5) substrates 
were all successfully used for the acylation reactions. Anhydrides containing an aromatic 
group (2) and unsaturation (6) also led to high yields. Further functional group tolerance 
was also illustrated with diethyl dicarbonate (7) and 2-chloroacetic anhydride (4) 
substrates. The chloroacetic acylation reaction is of added interest as the chloro group adds 
another synthetic handle for potential further functionalization of product 4. In addition to 
these N-C bond forming reactions, tosyl anhydride was also utilized to form an N-S bond 










 Continuing the investigation, a series of indazoles substituted with a variety of 
functional groups was explored and shown in Figure 3.3. These results shed light on 
adopting this method for N-benzoylation, which is a common practice for protection of an 
amine group in a multi-step synthesis.23 This anion pool method was able to selectively 
acylate the N1-position of 5-iodo-indazole. Once again, the iodo-group on the ring of the 
indazole moiety offers an excellent synthetic handle for further functionalization of product 
9. Acylation of indazoles containing halogen functional groups was expanded to products 
11, 12, and 13 which all contain a bromo-substitution at the 6-position of the indazole ring. 
Products 12 and 13 a containing aldehyde and ester functionalities were also obtained with 
good yields. Successful acylation reactions involving base-sensitive substrates illustrates 
an advantage of this base-free anion pool approach. In addition, the strong electron 
withdrawing nitro-functionality also performed well under the optimized reaction 
conditions (10). Furthermore, the benzoylated products in Figure 3.3 can be reduced to 
benzylated products through Wolff-Kishner reduction. This is an advantageous strategy in 
place of direct benzylation that produces a mixture of both isomers.24  
 
Figure 3.2. Selective N1-acylation of indazole 




Figure 3.3. Selective N1-acylation of a variety 
of substituted indazole compounds. 
 
Gratifyingly, this method could be effectively applied to various other azole 
compounds, as shown in Figure 3.4. The ubiquitous presence of azoles in bioactive 
compounds makes new greener and broadly applicable methods for making their 
derivatives in demand. Both benzimidazole (14) and 2-methylthiol-benzimidazole (15) 
were successfully acylated, thus providing a base free method for the functionalization of 
the benzimidazole NH group. Numerous base-assisted synthetic protocols for the 
protection of benzimidazoles have been reported.25 Indole also reacted with both acetic 
(17) and benzoic (18) anhydrides with complete selectivity to N1 position. Lastly, this 
anion pool method also exhibited good acylation reactivity with the imidazole substrate 
(19).  
 The results in Figures 3.2 – 3.4 show that this anion pool approach is applicable for 
the acylation of indazoles, and azole compounds in general. It is understood, however, that 
many synthetic labs are not equipped with potentiostats in order to perform highly 
controlled electrolysis reactions. To address this possible shortcoming of the anion pool 
approach, the reaction used to obtain product 2 in Figure 3.2 was setup up using a standard 
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9 V battery instead of a potentiostat (Figure B3). For this battery driven reaction, the same 
reaction procedure was followed, where the indazole substrate was stirred in the cell for 3 
hours, before addition of the benzoic anhydride. The anhydride was stirred in the reaction 
mixture for another 3 hours before the battery was disconnected and the reaction solution 
was analyzed. The battery powered reaction led to a 72% isolated yield of the N1-acylated 
product without evidence for the N2-product. This result illustrates the operational 
simplicity of the anion pool approach.  
 
Figure 3.4. Electrochemical acylation of various 
azole compounds. 
 
To gain insight into the highly selective nature of this reaction, acylation of 7-
methyl indazole was investigated (Figure 3.5). The reaction proceeded with only 22% 
conversion of the starting 7-methyl indazole. In addition, GC-MS analysis of the post 
reaction solution indicated both N1- and N2-acylated products formed in a 1.4:1 mixture 
(Figure B25). Chromatographic separation of the two isomers proved difficult, but a 1H 
NMR spectrum of the isomer mixture is shown in Figure B27). This result indicates that 
steric hindrance at the 7-position of the indazole moiety is detrimental to the reaction 
selectivity and efficiency. Furthermore, the effect of counter cation size was examined. In 
a previous report, the selectivity for the N-1 product during the base-assisted alkylation of 
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indazoles was greatly increased when cesium carbonate base was used instead of potassium 
and sodium bases.11 For this study, using LiClO4 supporting electrolyte instead of NBu4PF6 
led to a 2:1 ratio of the N-1:N-2 product as evidenced by GC-MS analysis. Thus, larger 
counter cations in the supporting electrolyte increase the selectivity for the N-1 product, 
which is consistent with previous reports. 
 
Figure 3.5. Acylation of 7-methyl-indazole. Reaction 
conditions are identical to conditions D from Table 1. 
 
3.4 Conclusion 
In conclusion, we have developed a general and operationally simple 
electrochemical procedure for the acylation of indazoles and azoles in general. This “anion 
pool” procedure is completely selective for the acylation of the N1-position of indazoles 
with the exception of 7-substituted indazole substrates. Since the procedure is base-free, 
acid anhydrides can be used as the acylation substrate. This avoids the use of acid chlorides 
and the stoichiometric production of HCl by-product.26 The adoption of electrochemical 
approaches such as this can allow process chemists to incorporate green chemistry 
principles that increase atom-economy by generating stoichiometric by-products, such as 
ferrocenium, that can easily be recycled. 
3.5 Experimental  
Materials  
Anhydrous acetonitrile (MeCN) 99.8%, water ≤ 50 ppm) was used for all reactions. 
All solutions used for electrochemical measurements contained 0.1 M 
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tetrabutylammonium hexafluorophosphate (TBAPF6) further purified by recrystallization 
from ethanol and dried under vacuum at 80 oC for 24 hours. 
 
General procedure for electro-synthetic experiments.  
The preparations of the setup were performed inside a N2-filled glove box to 
confirm inert atmosphere. Preparative electrolytic studies were carried out in a split 
compartment H-cell. During the electrolysis experiments, a 0.1 M solution of 
tetrabutylammonium hexafluorophosphate (TBAPF6) containing 0.65 mmol of indazole 
was initially reduced in the cathode chamber by passing a current of 8 mA for 3 hrs. Each 
compartment had 15 mL of anhydrous acetonitrile. The anode chamber contained 0.65 
mmol of ferrocene.  After 3 hrs, 1.6 eq of the anhydride is added and the current is 
decreased to 0.5 mA. During the reactions with chloroacetic anhydride and tosyl anhydride, 
the potentiostat was turned off to avoid the reduction of anhydrides. The reaction is allowed 
to proceed for 2 more hours. After electrolysis, the solvent was evaporated off and organic 
contents were purified by preparative thin layer chromatography using appropriate solvent 
systems; for indazoles pentane: ethyl acetate (1:3), benzimidazoles pentane: ethyl acetate 
(3:1) and indoles pentane: ethyl acetate (1:1). Gas chromatography measurements were 
taken with an HP 5890 Series II gas chromatograph equipped with a Carboxen 1010 PLOT 
capillary column and a thermal conductivity detector using Ar as the carrier gas. The oven 
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CHAPTER 4 
ELECTROCHEMICAL ANION POOL SYNTHESIS OF AMIDES WITH 





                “Anion pool” method is applied to improve the atom economy of amidation. 
Amides are prevalent moieties in a variety of bioactive compounds and commercialized 
synthetic products. The excessive utilization of amide bond forming methods has 
necessitated ACS Green Chemistry Institute Pharmaceutical Roundtable to identify atom 
economic amidation as a priority. By applying “anion pool” approach, the anionic 
nucleophile is generated from the amine through electrochemical reduction. The amine 
nucleophiles then react with acid anhydrides to generate amides, and the by-product from 
this reaction undergoes further chemical transformations to generate pharmaceutically 
relevant benzoic esters. These one-pot reactions are operationally simple, are performed at 
room temperature, and avoid rare transition metals and added bases. The amide synthesis 
is amenable to primary and secondary amines and a variety of anhydrides with yields up to 
90 % obtained. Atom economy and process mass index (PMI) values calculated for this 
procedure indicate that this process can be considered greener compared to traditional 
amide synthesis routes used by industry. Furthermore, this electrochemical approach 
showed unique selectivity when substrates that contained two inequivalent amine moieties 
were examined. 
4.2 Introduction 
                The amide linkage is a ubiquitous structural element in biological systems and 
in chemical products relevant to the pharmaceutical and medicinal industries. In fact, amide 
bond forming reactions have been estimated as the most frequently used chemical reaction 
in the pharmaceutical industry.1 Due to the extensive use of this reaction, minimizing the 
waste and increasing the sustainability of amide bond forming reactions is a major research 
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goal. For the past decade, the American Chemical Society’s (ACS) Green Chemistry 




Figure 4.1. Comparison of various approaches to 
synthesize amides from amines. 
 
                 Ideally, amides could be synthesized via a direct condensation of carboxylic 
acids and amines, where water would be the only reaction side product. The acid/base 
chemistry of these condensation reactions, however, tends to favor formation of 
carboxylate ammonium salts.4 Thus activation of carboxylic acids prior to reactions with 
amines, as shown in Figure 4.1A, is typically required. This classical approach is efficient 
in amide bond formation and the most commonly used industrial route, but it generates at 
least a stoichiometric amount of waste, leading to poor atom-economy.5  Common 
activating agents include thionyl chloride, oxalyl chloride and carbonyldiimidzaole which 
produce waste such as sulfur dioxide, carbon dioxide, and hydrochloric acid. In addition, 
the activating agents and additives needed can vary widely depending on the amine.6 
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Further limiting the green chemistry of these reactions is the required solvent. Many 
amidation reactions are carried out in solvents such as DMF, DMA, and DCM, which bear 
safety concerns and subjected to heavy regulation.5 Therefore, an atom economic and an 
environmentally safe amidation procedure remains highly desirable.  
                Over the past decade, since the Pharmaceutical Roundtable made an initial call 
for greater atom-economy with amide reactions, widespread work has been performed on 
catalytic amide formation.7-8 Enzyme catalyzed amide formations have exhibited high  
efficiency, but also incur high isolation costs and individual enzymes tend to lack wide 
substrate scope capabilities.9 Catalytic aminocarbonylation routes have shown promise in 
improving the atom economy of amidation reactions compared to the classical approach.10 
These aminocarbonylation reactions, however, tend to require expensive palladium 
catalysts, high reaction temperatures, and toxic carbon monoxide. 
                Extensive work has been dedicated to the development of Lewis acid catalysts 
for the direct coupling of carboxylic acids and amines (Figure 4.1B).4-5 Such methods 
employ catalysts based on inexpensive, earth abundant elements such as Ti, Zr, and boron 
based systems.7 The Lewis acidity of these catalysts can activate the carboxylic acid 
substrate without the need for a sacrificial activating agent. Tuning Lewis acidity leads to 
large applicability and these catalysts tend to have high functional group tolerance.11-13 
Even though this approach produces very little waste, the common necessity of high 
reaction temperatures and azeotropic removal of water have limited the adaptation of this 
procedure by industry.5 Furthermore, most of these catalyzed reactions have high process 
mass intensity (PMI) values of 200 – 500.5 The water sensitivity typically requires the 
addition of molecular sieves to the reaction mixture, though performing these reactions in 
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micelles immersed in aqueous solution has been achieved.14-15 Direct coupling of 
carboxylic acids and amines has also been achieved without the need for water removal 
through the use of an excess tetramethyl orthosilicate (TMOS) catalyst, though TMOS is 
highly toxic.16 
                 Transition metal catalyzed amide formation starting from aldehydes or alcohols 
also offers a promising approach. Work in this field has burgeoned following the report of 
a ruthenium pincer complex capable of the direct coupling of an alcohol with an amine 
yielding H2 as the only byproduct.
17 Many reports have followed this approach and shown 
great efficiency with primary amines.18-22 These catalysts, however, tend to employ rare 
transition metals and show limited reactivity with secondary amines.  The efficiency of this 
catalytic approach towards a variety of amine starting materials can be increased by using 
hydrogen transfer reagent as shown in Figure 4.1C.18, 21 For example, a recent report builds 
on this transition metal catalyzed theme for amide formations starting from carboxylic 
acids and amines.23 This report uses a Ru catalyst and an alkyne to activate the carboxylic 
acid for coupling to the amine substrate while generating a stoichiometric ketone by-
product.  
                     Research on forming amides from reactions between amines and substrates 
that can be considered ‘activated carboxylic acids’ has also been explored. Reactions 
between acyl chlorides and amines are efficient for amide formation, but produce 
stoichiometric amounts of corrosive hydrochloric acid.24 Formylating reagents have been 
shown to promote N-C bond formation for the synthesis of N-formyl products that could 
be converted to amides.25 It has also been shown that acid anhydrides are excellent reagents 
for the formation of tertiary amides.26 For all of these examples the ‘activated carboxylic 
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acid’ substrate generated stoichiometric by-products that have no use to the pharmaceutical 
industry and were essentially treated as waste. 
                  To address the issue of generating waste from amidation reactions starting from 
activated carboxylic acids we envisioned a synthetic route where the by-product of amide 
formation is utilized to produce a second product of pharmaceutical relevance. Thus one 
operationally simple procedure is used to synthesize two high value products, in turn 
limiting waste production. Here we report the development of a procedure for the 
electrochemical co-synthesis of amides and benzylic esters starting from amines and acid 
anhydrides, as shown in Figure 4.1D. The benzylic esters, which are widely used in 
medicines and fragrances, are formed in one-pot from the by-product of the amide 
synthesis. This procedure is operational at room temperature, water tolerant, base-free, and 
does not require rare transition metals. In addition, this reaction exhibits functional group 
tolerance with the acid anhydrides and produces good yields of amide products starting 
from both primary and secondary amides. Lastly, this electrochemical approach has 
allowed for unique regioselectivity without a need for protecting groups. 
4.3 Results and discussion 
                   To address the low atom economy challenges of amide synthesis starting from 
activated carboxylic acids and amines, an electrochemical synthesis method was employed. 
This electrochemical “anion pool method” was developed by our group and has been 
utilized for the synthesis of alkylated benzimidazoles and acylated indazoles.27-28 This 
method uses inexpensive reticulated vitreous carbon (RVC) electrodes, acetonitrile solvent 
and is base, catalyst, and precious-metal free. For this study, the electrochemical synthesis 
of amides with the co-formation of benzoic esters is carried out via the reaction scheme 
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shown in Figure 4. 2. Reduction of an amine substrate at the carbon electrode generates a 
strong nucleophile and half an equivalent of hydrogen gas, as confirmed by GC analysis. 
Subsequent addition of an acid anhydride to the reaction solution leads to the formation of 
an amide product and one equivalent of carboxylate (Figure 4.2b). The base-free nature of 
this approach allows for the usage of acid anhydrides as an amidation substrate. Lastly, 
instead of treating the carboxylate as waste, addition of a benzylic halide leads to the 
formation of a benzoic ester product (Figure 4.2c). Benzoic esters are high value products 
that are widely used in the fragrance industry and certain benzoic esters have been used by 
the pharmaceutical industry to treat lice.29 This co-production of useful products limits the 
chemical waste produced. 
 
 
Figure 4.2. Reaction scheme for 
electrochemical anion pool synthesis of amides 
and benzylic esters. 
 
                    Reaction parameters were explored with the goal of optimizing an efficient 
method for the synthesis of amides and benzylic esters. Table 4.1 summarizes the results 
of those optimization studies. The experimental conditions consisted of a controlled current 
electrolysis performed at room temperature in a two-compartment H-cell separated with a 
fine glass frit unless otherwise noted. The cathodic chamber contained 50 mM morpholine 
and 0.1 M tetrabutylammonium hexafluorophosphate (NBu4PF6) and the anodic chamber 
contained 0.05 M ferrocene and 0.1 M NBu4PF6 in anhydrous acetonitrile. The ferrocene 
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was added as a reversible electron donor for the system to avoid excessive consumption of 
the solvent or electrolyte. The stable ferrocenium cation generated during the electrolysis 
could be reduced back to ferrocene for recycled use, thus limiting chemical waste.  
                 For the initial experiment (A, Table 4.1), 16 mA of current was applied between 
the two electrodes. Once 1 Fmol-1 of charge was passed relative to the morpholine 
substrate, 1.2 equivalents of benzoic anhydride was added to the electrochemical cell. 
Excess anhydride was initially investigated because excess anhydride was required to 
optimize yields during the electrochemical acylation of indazole.28 With a continuously 
applied current of 16 mA, the cell was stirred for an additional two hours before the current 
was turned off and benzyl bromide was added to the cell. Stirring of the reaction mixture 
for an additional two hours at room temperature was followed by GC/MS analysis of the 
product mixture. This procedure was repeated, but with 8 mA and 4 mA applied, as shown 
in B and C in Table 4.1 respectively. The results of these initial experiments led us to 
choose 8 mA of applied current between the two electrodes as the optimal electrolysis 
conditions. Additional conditions were then explored to either further optimize product 
yields or improve on the overall efficiency of the electrochemical reaction. 
                  Variation of the applied current after the addition of the benzoic anhydride was 
explored. Turning off all applied current following the addition of anhydride (Table 4.1, 
D) led to a sharp decrease in ester product formation. GC/MS analysis of the reaction 
mixture identified unreacted benzyl bromide. Instead of ending the applied current, 
lowering the applied current to 0.5 mA after addition of the anhydride (E, Table 4.1) led to 
good yields of both the amide and the ester. The yields for reaction E in Table 4.1 are 
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comparable to reaction B, but are advantageous due to the lower applied current consuming 
less energy over the course of the reaction.  
                  The ratio of reactants and the order of the addition of reactants were also 
explored. For F in Table 4.1, the amount of anhydride added to the mixture after the initial 
reduction of the amine was lowered to 1 equivalent. We were pleased to find that efficient 
product yields for both the amide and the benzyl ester were maintained with adding just a 
stoichiometric amount of the anhydride. Avoiding excess anhydride clearly increases the 
atom economy of this procedure. Experiment G in Table 1 added the anhydride and amine 
together at the beginning of the electrolysis. While efficient amide formation was observed, 
decreased yields in the ester product were once again observed. We hypothesize that 
possible reduction of the anhydride under these conditions would lead to degradation and 
subsequent decreased ester formation. This hypothesis is supported by identifying 
unreacted benzyl bromide in the product mixture. Next, a reaction was performed with 5.5 
mM of water added. Remarkably, the yield of the amide product was not affected by added 
water (H, Table 4.1). This is an advantage over amide synthesis via condensation reactions, 
which are typically highly sensitive to the presence of water.5 Unfortunately, the addition 
of water did impair the formation of the benzylic ester product as water led to the formation 
of benzoic acid from the in situ formed benzoate. 
                  Lastly, the possible advantages of this electrochemical synthesis approach were 
examined. For conditions I in Table 4.1, the supporting electrolyte was changed from 
NBu4PF6 to LiClO4. The change in supporting electrolyte once again had negligible effects 
on amide formation, but retarded benzyl ester formation. The smaller, more Lewis acidic 


















was observed in the product mixture. The use of a single component electrochemical cell 
was explored (J, Table 4.1), but the yield of both the amide and ester dropped considerably. 
This is likely due to the re-oxidation of the amine and oxidation of generated benzoate 
Table 4.1. Optimization of Electrochemical 











A 16.0  16.0  68 69 
B 8.0  8.0 70 68 
C 4.0 4.0 66 32 
D 8.0 0.0 68 22 
E 8.0 0.5 71 72 
Fa 8.0  0.5  69 70 
Gb 8.0  0.5  70 42 
Hc 8.0 0.5 70 15 
Id 8.0 0.5 69 0 
Je 8.0  0.5  52 0 
K 0.0  0.0  0 0 
Lf 0.0  0.0  66 0 
 
Reaction conditions unless otherwise noted: room 
temperature, 0.1 M Bu4NPF6 electrolyte, 0.75 
mmol of morpholine, 1.2 eqs. of benzoic 
anhydride, 1.2 eq. benzylbromide in acetonitrile. 
0.05 M Fc added to anodic chamber. RVC anode 
and cathode. Current units in mA. a1.0 eq. of 
benzoic anhydride.  bmorpholine and benzoic 
anhydride added to cell at same time.  c5.5 mM of 
water added to the reaction.  d0.1M LiClO4 as 
supporting electrolyte. ereaction performed in a 
single-cell setup.  fperformed at 55 °C.  
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anion. Performing these reactions in the absence of an applied current at room temperature 
led to no observed reactivity (K, Table 4.1). Heating the reaction mixture to 55 °C did lead 
to a 66 % yield of the desired amide product, but no observed ester was formed (L, Table 
4.1). 
Table 4.2. Isolated Yields of Amide and 





                 With the optimized conditions in hand (F, Table 4.1), the applicability of this 
approach with respect to the identity of the acid anhydride was explored. Table 4.2 shows 
that a variety of anhydrides were compatible with this approach and resulted in good yields 
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for both amide and ester formation. Acetic (1), and pentanoic anhydride (4) substrates were 
successfully employed for these reactions. This procedure was also amenable to alkene 
functionality (3) without observed alkene reduction. Further functional group tolerance 
was also illustrated with diethyl dicarbonate (5). In addition to these N-C bond forming 
reactions, tosyl anhydride was also utilized to form an N-S bond and product 6 in 77 % 
yield, though ester formation is not possible with this anhydride.  
            The Faradaic efficiencies for all of the reported reactions track linearly with the 
isolated yields with Faradaic yields being roughly 5% lower than the isolated percent 
product yield. During the controlled current electrolysis of the amine substrate, the charge 
passed is equivalent to one electron per amine molecule (1 Fmol-1). For the concentrations 
employed in these reactions, 72 Coulombs of charge are passed during the first step of the 
electrolysis. During the second step of the electrolysis, where the applied current is dropped 
to 0.5 mA after addition of the anhydride substrate, an additional 3.6 Coulombs are passed. 
Thus, for each reaction 75.6 C are used to generate product that requires a Faradaic 
minimum of 72 Coulombs of charge for quantitative yield.  
 Having established amide formation starting from the secondary amine morpholine 
and various anhydrides, the substrate scope with respect to the identity of the amine 
substrate was examined. For the amine substrate scope, benzoic anhydride was chosen in 
order to form benzyl benzoate, which is a pharmaceutically relevant ester product. As can 
be seen from Table 4.3, this anion pool approach for the concurrent synthesis of amides 
and esters can be widely applied to a variety of amine substrates while also achieving good 
yields of the ester products. Pyrrolidine (7) was another successful secondary amine 
utilized for amide synthesis. Furthermore, aniline and a series of substituted aniline 
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compounds underwent successful amidation using this procedure (8 – 12). Primary amines 
lacking aromaticity were also converted to the corresponding amides as shown by 
cyclohexylamine (13) and 1-hexylamine (14). Another example of this procedure being 
compatible with unsaturation is shown with product 15. Amide formation analogous to 
peptide bond formation was also achieved with products 16 and 17. Amide bond formation 
was also achieved on an enantiopure sample of L-phenylalanine (18). 
 Of particular intrigue was the unique selectivity obtained during amide bond 
formation of substrates containing multiple reactive NH bonds. Starting from 4-
aminobenzylamine, this anion pool approach resulted in exclusive amidation at the 
benzylamine position without a need to protect the aniline amino group (19). The benzyl 
amine moiety of 4-aminobenzylamine is the more reactive amino group and expected to 
have a lower reduction potential when compared to the aniline moiety. The precise control 
of this electrochemical approach allows for the sole reduction of the benzyl amine. 
Limiting the charge passed to 1 Fmol-1 of starting material helps avoid over reduction of 
the aniline moiety. This is a clear advantage of this electrochemical approach over reactions 
performed via thermal control, which are not expected to be able to achieve such 
selectivity.  
 The selectivity of this electrochemical approach was extended to the amidation of 
5-aminoindazole. Without using a protecting group for the 1H-position of the indazole, 
complete selectivity was obtained for amide bond formation at the 5-amino position (20). 
Eliminating the need for protecting groups also eliminates the need for extra chemical 
reactions and purifications. Minimizing synthesis steps and extra purifications is the most 




















Table 4.3. Electrochemical anion pool 




















































 The efficiency of this reaction scaled up to produce at least 1.0 gram of product was 
also examined. The reaction shown in Figure 4.3 was examined in 15 mL of acetonitrile 
containing 0.1 M NBu4PF6 electrolyte. At this higher concentration of starting material, 
1.1 grams of product were isolated with the percent yield of the amide product actually 
increasing to 90 %. This increased percent yield of the scaled up reaction is likely due to 
greater ease of isolating a larger amount of product with column chromatography. 
Unfortunately, for the scaled up reaction, the yield of the corresponding ester product 
dropped to just 25 %. We hypothesized that the high concentration of the benzoate formed 
during the amidation reaction may form ion pairs as benzoate is known to form 
homoconjugated dimers.30 Indeed, adding a catalytic amount of potassium carbonate base 
(80 mg) with the addition of the benzyl bromide substrate resulted in an 80 % yield of the 
ester product with no change in the yield of the amide product.  
 
Figure 4.3. Results of scaled up reactions. 
 
                  The results shown in Tables 4.2 and 4.3 show that this anion pool approach is 
capable of performing amidation reactions with concurrent ester synthesis with good 
efficiency, however, being able to perform this reaction without the need for an expensive 
potentiostat would improve the operational simplicity of this approach. To address this 
challenge, the reaction used to obtain product 7 in Table 4.3 was setup using a household 
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9-V battery instead of a potentiostat (Figure C2). The reaction sequence was as follows: a 
battery was connected to electrodes immersed in a solution containing only amine substrate 
and supporting electrolyte in the cathodic chamber of the cell and ferrocene and supporting 
electrolyte in the anodic chamber. This cell solution was stirred for 2 hours before addition 
of the benzoic anhydride substrate. The solution was stirred for an additional 2 hours, and 
then the battery was disconnected from the electrodes and the benzyl bromide substrate 
was added to the reaction mixture. After stirring for an additional 3 hours the products were 
isolated and purified. The yields were 76 % for the amide product and 72 % for the ester, 
showing that this reaction can be performed using just a standard household battery for the 
power source. 
                     To gain insight into the potential green chemistry benefits of this approach, 
the atom economy and PMI value for the reaction shown in Figure 4.3 was calculated. It is 
understood that PMI values tend to be more applicable to larger scale reactions, but these 
calculations are just used as a general comparison of the green chemistry principles of this 
approach.31-32 Typical PMI values for generally used pharmaceutical processes lie between 
26 and 100.32-33 The PMI value calculated for this anion pool approach was 30.1 taking 
into account the masses of the substrates, electrolyte and ferrocene added to the reaction. 
This PMI value being on the more favorable end of the PMI spectrum shows the possible 
green chemistry advantages for this electrochemical approach. Furthermore, the atom 
economy of the reaction shown in Figure 4.3 was calculated to be 82.7 %. This value also 
compares well to the atom economy of the conventionally used amide synthesis using 




                     Electrochemistry has received rejuvenated attention as a synthetic strategy 
and a tool for incorporation of principles of green chemistry.34-36 This reported procedure 
uses the electrochemical anion pool approach to synthesize a variety of pharmaceutically 
relevant amides with the co-synthesis of benzyl esters. The room temperature and base-
free approach allows for the use of acid anhydrides as starting substrates for the facile 
formation of amides from primary and secondary amines. The subsequently generated 
benzoate side product from the amide formation reaction can then be trapped with a 
benzylic substrate to generate high value benzyl ester products. The production of two 
useful products from this approach leads to favorable PMI and atom economy values when 
compared to pharmaceutical standards. Furthermore, the precise control of reaction 
conditions offered from electrochemical approaches allows for unique amide bond 
formation selectivity without the need for protecting group chemistry. 
4.5 Experimental 
                  The solvents and electrolytes were prepared as mentioned in Chapter 2. The 
setup of the electrochemical cell was performed inside a N2-filled glove box to confirm 
inert atmosphere. Oxygen was kept out of the cell to avoid oxygen reduction at the cathode. 
The electrosyntheses were carried out in a split compartment H-cell as shown in Figure C1 
in appendix 4. Each compartment contained a 0.1 M solution of tetrabutylammonium 
hexafluorophosphate (NBu4PF6) in 15 mL of anhydrous acetonitrile. During the 
electrolysis experiments, 0.75 mmol of amine were initially reduced in the cathode 
chamber by passing a current of 8 mA for 3.5 hrs which is equivalent to 1 Fmol-1 of charge 
being passed. The anode chamber contained 0.75 mmol of ferrocene as a recyclable 
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electron donor.  After 3.5 hrs, 0.9 mmol of the acid anhydride substrate was added to the 
cathodic chamber and the applied current was decreased to 0.5 mA. During the reaction 
with tosyl anhydride, the potentiostat was turned off after the addition of anhydride to avoid 
the reduction of the tosyl anhydride. After anhydride addition the reaction mixture was 
stirred for 2 more hours. At the end of the 2 hours, the electrolysis was discontinued and 
0.9 mmol of benzyl bromide was added and stirring was continued for 4 more hours. After 
the reaction was complete, the solvent was evaporated off, and a preparative thin layer 
chromatographic separation was performed with hexane as the mobile phase. The band 
around 0.5 Rf is the ester product and this was isolated by scrapping off and sonicated with 
ether/DCM and filtered. The bottom layer of preparative TLC plate corresponded to the 
amide product and was scraped off, sonicated with DCM, and filtered.  
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The anion pool method is an electrochemical approach for the derivatization of 
pharmaceutically important compounds. It has proven to be a value synthetic tool that has 
accessed selective functionalitzation routes with high product yields. This method provides 
a base and metal free procedure that is carried out in solvents recommended for 
pharmaceutical preparations.  Hydrogen is the main by-product of generation of anion pool, 
which, if produced at a large enough scale could be used as a renewable fuel. These 
attributes comply with the principles of green chemistry, allowing synthetic chemists to 
carry out reactions in an atom-economic and environmentally friendly manner. Being able 
to carry out these transformations using a 9 V battery makes it adoptable for laboratories 
not equipped with sophisticated electrochemical instrumentation. Expansion of anion pool 
applications to amidation serves to address a challenge identified by ACS Green Chemistry 
Institute Pharamaceutical roundtable. 
Anion pool approach provides some new applications for the concept of 
electrogenerated bases/ nucleophiles. There’re a lot of opportunities that exist in the realm 
of conventional organic chemistry to introduce an electrochemical approach. Nucleophilic 
aromatic substitution in Figure 5.1 represents a potential area.235 Our preliminary 
investigations have indicated that electrogenerated benzimidazole nucleophile can 
substitute fluorine in fluoropyridine. The yields remain to be optimized and substrate scope 
to be broadened.  
 
Figure 5.1 “Anion pool” driven nucleophilic aromatic substitution 
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Rearrangement reactions represent another important area to be addressed 
electrochemically. In Favorskii rearrangement in figure 5.2, the nucleophile is generated 
by using bases.236 Introduction of an electrochemical approach widens the substrate scope 
of Favorskii rearrangement to substrates with base sensitive moieties such as aldehydes 
and esters. 
 
Figure 5.2 Favorskii rearrangement 
 
 The anion pool approach can be introduced into synthesis of medicinal compounds. 
The total synthesis of a medicinally important compound using sustainable methodologies 
such as photochemistry and electrochemistry remains to be reported.62, 237-238 It provides 
the opportunity to explore the applicability of recently introduced techniques such as 
electrocatalytic reductive cross coupling,62, 237 electrocatalytic amination,238 and cation 
pool103 approach in total synthesis. In order to reduce the solvent consumption in anion 
pool approach, a flow system can be introduced.239 Carrying out anion pool reactions in 
ionic liquids represent another area for investigation. 
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A.1. General methods 
The electrochemical experiments were conducted on a Pine wavedriver 20 
biopotentiostat system. Preparative thin layer chromatography was performed   on 0.5 
mm Analtech® Silica gel (UV 254) plates using shortwave UV light for visualization. 
NMR spectra were recorded on Bruker Avance III 400 MHz NMR spectrometer and 
were calibrated using residual undeuterated solvent as an internal reference. (deuterated 
acetone: 1H NMR 2.09 and 13C NMR 29.92, 206.68). 











Figure A.1 Electrochemical data of benzimidazole obtained from experiments 
performed with a 0.1 M solution of tetrabutylammonium hexafluorophosphate 
(TBAPF6) in acetonitrile containing 0.5 m mol of benzimidazole. A glassy carbon 
electrode was employed as the working electrode, Pt as the counter electrode and 
saturated calomel electrode (SCE) as the reference electrode. The cyclic voltammograms 
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A.3. Gas chromatographic detection of hydrogen 
 
Figure A.2 Response for 100% H2 on the HP 5890 Series II gas chromatograph 
equipped with a Carboxen 1010 PLOT capillary column using Ar as the carrier gas at a 
constant oven temperature of 70 oC. 
 
 
Figure A.3 Chromatograph of the headspace gas post reaction showing a peak at a 
retention time between 2.25 and 2.3 minutes indicating the presence of H2 in the 
reaction head-space gas. The large peak above 3 minutes retention is N2. GC conditions 






















Figure A.4 Chromatograph of the reaction head space before the reaction was 
performed. No peak is observed between 2 and 2.5 minutes retention showing the 


















A.5 . Spectra of synthesized compounds 
 







Figure A.6 1H & 13C spectra of product 2 in chapter 2.  
C, H, N analysis 
Anal. Calcd for C11H11F3N2: C, 57.89; H, 4.86; N,12.28. Found: C, 57.65; H, 5.31; N, 
10.90. 


































Figure A.12 1H spectrum of product 8. The spectrum matched reference7 




Figure A.13 1H & 13C spectra of product 9. The spectra matched reference8 
GC-MS (EI) m/z :  84(100%), 215(10%) 
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Figure A.14 1H & 13C spectra of product 10. The spectra matched reference9 





Figure A.15 1H & 13C spectra of product 11. The spectra matched reference10 









Figure A.17 1H & 13C spectra of product 13. The spectra matched reference9 


























Figure A.22 1H & 13C spectra of product 18. The spectra matched reference15 
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 Figure A.23 1H & 13C spectra of product 19 
C, H, N analysis 
Anal. Calcd for C14H20N2S C, 67.70; H,8.12; N,11.28. Found: C, 67.05; H,8.68; 





 Figure A.24 1H & 13C spectra of product 20. 
 C, H, N analysis 
Anal. Calcd for C12H14N2S C,66.02; H,6.46; N,12.83. Found: C,65.71; H,6.38; 














Figure A.26 1H & 13C spectra of product 22. 
  C, H, N analysis 
Anal. Calcd for C14H20N2S C, 62.95; H,4.62; N,13.76. Found: C, 62.44; H,4.08; 
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Figure B.1 Electrochemical data of indazole obtained from experiments performed with a 
0.1 M solution of tetrabutylammonium hexafluorophosphate (TBAPF6) containing 0.5 m 
mol of indazole in acetonitrile. A glassy carbon electrode was employed as the working 
electrode, Pt as the counter electrode and saturated calomel electrode (SHC) as the 




























Figure B.2 Electrochemical acylation of indazole in an H-Cell performed with a 0.1 M 
solution of tetrabutylammonium hexafluorophosphate (TBAPF6) containing 0.65 m mol of 
indazole in acetonitrile in the cathode side and 0.65 m mol of ferrocene on anode side. 
Reticulate Vitreous Carbon electrodes were employed as cathode and anode.  
 







Figure B.3 Electrochemical acylation of indazole in an H-Cell performed with a 0.1 M 
solution of tetrabutylammonium hexafluorophosphate (TBAPF6) containing 0.5 m mol of 
indazole in acetonitrile in the cathode side and 0.5 m mol of ferrocene on anode side. Acetic 
anhydride (0.5 m mol) was added after 2 hrs. Reticulate Vitreous Carbon electrodes were 
employed as cathode and anode. Constant Current Electrolysis is carried out by connecting 
the electrodes to a commercially available battery. 
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B.4. Detailed procedure for synthesis of product 1 
During the preparations, 0.58 g (1.50 mmol) of the electrolyte tetrabutylammonium 
hexafluorophosphate (2 portions), 0.186 g (1.0 mmol) of ferrocene and 0.118 g (1.0 mmol) 
of indazole were weighed out. The preparations of the setup with reactants were performed 
inside a N2-filled glove box to confirm inert atmosphere. Each compartment of the H-cell 
had 15 mL of anhydrous acetonitrile. The cathode chamber contained 0.118 g of indazole 
and 0.58 g of electrolyte dissolved in acetonitrile. The anode chamber contained 0.186 g 
of ferrocene and 0.58 g of electrolyte in acetonitrile. During the electrolysis experiments, 
the indazole substrate is initially reduced in the cathode chamber by passing a current of 8 
mA for 3 hrs.  After 3 hrs, the 94.4 μL (1.6 m mol) of acetic anhydride is added and the 
current is decreased to 0.5 mA. The reaction is allowed to proceed for 2 more hours. After 
electrolysis, the solvent was evaporated off and the organic contents were purified by 
preparative thin layer chromatography using the solvent system pentane: ethyl acetate 
(1:3). The product was the top band on the prep TLC plate. The band was removed from 
the plate and sonicated in diethyl ether, filtered and the ether was evaporated to give a white 





































































 Figure B.13 














































































 Figure B.23 







Figure B.24 GC-MS trace of products 19 and 20  
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Figure C.1 Electrochemical acylation of indazole in an H-Cell performed with a 0.1 M 
solution of tetrabutylammonium hexafluorophosphate (TBAPF6) containing 0.75 m mol of 
amine in acetonitrile in the cathode side and 0.75 m mol of ferrocene on anode side. 
Reticulate Vitreous Carbon electrodes were employed as cathode and anode.  









Figure C.2 Electrochemical acylation of indazole in an H-Cell performed with a 0.1 M 
solution of tetrabutylammonium hexafluorophosphate (TBAPF6) containing 0.2 m mol of 
indazole in acetonitrile in the cathode side and 0.5 m mol of ferrocene on anode side. 
Benzoic anhydride (0.24 m mol) was added after 2 hrs. Reticulate Vitreous Carbon 
electrodes were employed as cathode and anode. Constant Current Electrolysis is carried 
out by connecting the electrodes to a commercially available battery. 
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C.3. Spectra of synthesized compounds 
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Figure S13 1 H & 13 C spectra of product 1a. The spectra matched reference re C.15 
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Figure C.27 1 H & 13 C spectra of product 20. The spectra matched reference1 
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C.4. PMI calculation for pyrrolidine amidation 
Mass of pyrrolidine = 0.018 g 
Mass of benzoic anhydride = 0.056 g 
Mass of benzyl bromide = 0.059 g 
Mass of solvent  = 5.5 g 
Mass of electrolyte  = 0.134 g 
Mass of Ferrocene  = 0.046 g 
Mass of the amide  = 0.096 g 
Mass of the ester  = 0.097 g 
PMI = 5.813/0.193 = 30.12 
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